The ground-and excited-state properties of both gas phase and crystalline ruthenocene, Ru͑cp͒ 2 , are investigated using density functional theory. A symmetry-based technique is employed to calculate the energies of the multiplet splittings of the singly excited triplet states. For the crystalline system, a Buckingham potential is introduced to describe the intermolecular interactions between a given Ru͑cp͒ 2 molecule and its first shell of neighbors. The overall agreement between experimental and calculated ground-and excited-state properties is very good as far as absolute transition energies, the Stokes shift and the geometry of the excited states are concerned. An additional energy lowering in the 3 B 2 component of the 5a 1 Ј→4e 1 Љ excited state is obtained when the pseudolinear geometry of Ru͑cp͒ 2 is relaxed along the low-frequency bending vibration.
I. INTRODUCTION
Metallocenes have been the subject of much work on catalytic and photochemical activity, and the question as to their basic electronic structure has been settled quite some time ago.
1 The 18 electron species, such as ruthenocene ͓Ru͑cp͒ 2 , cpϭcyclopentadienyl͔, are particularly stable because the six d-electrons of ruthenium occupy bonding orbitals of e 2 Ј (d x2Ϫy2 ,d xy ) and a 1 Ј (d z2 ) symmetry in the D 5h point group of the eclipsed conformation. 2 The lowest excited multiplets correspond to the promotion of an electron from either the a 1 Ј or the e 2 Ј orbitals to the antibonding ones of e 1 Љ (d xz ,d yz ) symmetry. The concomitant increase in metal-ring bond lengths can be verified spectroscopically by the observation of a Stokes shift of around 10 000 cm Ϫ1 and a long progression in the totally symmetric metal-ring stretch vibration in the emission spectrum of Ru͑cp͒ 2 in the solid state. [3] [4] [5] Previously, Daul et al. 6 presented the results of density functional ͑DF͒ calculations on the excited-state energies, multiplet splittings and excited-state distortions along the metal-ring stretch of ruthenocene, performed with the DEMON 7 program package. The overall agreement between the calculations and the spectroscopic properties was very good. In particular the calculated increase in metal-ring distance of 0.14 Å was in excellent accordance with the Huang-Rhys factor for the harmonic progression of roughly 15. However, the comparatively simple model with only the totally symmetric metal-ring stretch as active vibration fails to account for some intriguing spectroscopic features. Hollingsworth et al. 4 noticed progressions in other than the totally symmetric metal-ring stretch vibration, indicating substantial excited-state distortions along bending coordinates, and Riesen et al. 5 noted an absence of mirror symmetry in the fine structure between absorption and emission.
The nondegenerate electronic 1 A 1 Ј ground state has no call for any spontaneous distortions along nonsymmetric normal coordinates, and indeed, the crystal structure shows the two cp rings to be practically parallel to each other. Reducing Ru͑cp͒ 2 to a pseudolinear ͑triatomic͒ molecule, the orbitally degenerate triplet excited states of E 1 Љ and E 2 Љ symmetry, however, are subject to a Renner-Teller effect along the ␦͑cp-Ru-cp͒ bending coordinate of e 1 Ј symmetry. The Jahn-
Teller effect invariably results in displacements of the minima of the adiabatic potentials of degenerate electronic states along a nontotally symmetric normal coordinate due to the linear vibronic coupling. On the other hand, the RennerTeller effect is the result of quadratic coupling, 8 and only leads to minima away from the point of degeneracy for sufficiently strong coupling.
In this paper, the results of an extension of the work of Daul et al. 6 are presented. In addition to the adiabatic potentials of ground and lowest excited states along the totally symmetric metal-ligand stretch, the adiabatic potentials along the Renner-Teller active e 1 Ј bending coordinate are calculated, and the consequences for the spectroscopic properties of Ru͑cp͒ 2 are discussed. For the comparatively soft bending vibration, solid-state effects are expected to be significant. These are modeled on the basis of a Buckingham potential also derived from DF calculations. 
II. COMPUTATIONAL METHODS

A. Density functional calculations
The Hartree-Fock-Slater-linear combination of atomic orbitals ͑HFS-LCAO͒ as implemented in the Amsterdam density functional ͑ADF͒ program system developed by Baerends et al. [9] [10] [11] [12] was used. All calculations reported in this study were performed using the Vosko-Wilk-Nusair ͑VWN͒ exchange-correlation potential. 13 The ADF atomic orbitals were described using an uncontracted triple zeta Slater-type orbital basis set on Ru and augmented by single polarization functions on both C and H. The 1s shell of carbon and the 1s2s2p3s3p3d shells of ruthenium were assigned to the core and treated using the frozen core approximation. 10 A set of auxiliary s, p, d, f and g functions, centered on all nuclei, 14 was used in order to fit electron density together with both Coulomb and exchange potentials in each self-consistent field ͑SCF͒ cycle.
The geometry of the Ru͑cp͒ 2 molecule was taken in its eclipsed conformation ͑D 5h symmetry͒ in which both the C-C and the C-H bond distances were kept frozen for all calculations at 1.430 and 1.100 Å, respectively. 6 The geometry of the crystal has been taken from x-ray structure data.
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B. Multiplet structure
Although excited states are difficult to handle in DF theory, the latter method represents a valuable alternative to traditional configuration interaction ͑CI͒ approaches to evaluate the properties of excited states. [15] [16] [17] [18] The calculation of the multiplet splittings in DF theory has been recently discussed by Daul et al. 6, 19, 20 and Ziegler et al. 21 According to these authors, it is possible to replace the energy of a single determinant by the corresponding statistical energy as obtained in DF theory. The energy of a multiplet arising from a given configuration being a weighted sum of singledeterminantal energies, it is thus possible to obtain the multiplet splitting. Following this line of thought, we used symmetry-based arguments to rationalize the relation between multiplet splittings and single-determinantal energies resulting from DF calculations.
As eclipsed Ru͑cp͒ 2 exhibits D 5h symmetry, the 4d orbitals of ruthenium split into e 2 Ј , a 1 Ј and e 1 Љ components. 22 This 4d 6 system has the following ground-state ͑GS͒ configuration, Similarly, the molecular orbitals are split: e 2 Ј→11a 1 ϩ7b 1 , a 1 Ј→12a 1 and e 1 Љ→6a 2 ϩ10b 2 along Q ⑀ , and e 2 Ј→17aЈ ϩ18aЈ, a 1 Ј→19aЈ and e 1 Љ→15aЉϩ16aЉ along Q . For the lowest excited states we thus have
along Q ⑀ , and
In the present case, DF calculations can be used to describe both the ground and the six nondegenerate excited states.
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D. Intermolecular potential in the crystal
The crystal structure consists of neutral assemblies of Ru͑cp͒ 2 having the two cp rings in the eclipsed conformation.
2 The rings are nearly regular pentagons, almost parallel to one another, and equidistant from the Ru atom, leading to an approximate D 5h molecular symmetry. The average bond lengths are 1.430 and 2.186 Å for C-C and Ru-C, respectively. In order to model the effect of the surrounding lattice on a single molecule, we initially used the force field proposed by Snow et al. for transition metal complexes. [23] [24] [25] Since the latter was not able to reproduce accurately DF calculations performed on a set of clusters made of Ru͑cp͒ 2 , we derived a more adequate force field parameterized from DF calculations. For this purpose, we used a set of two clusters made of three Ru͑cp͒ 2 molecules ͓see Figs. 1͑a͒ and 1͑b͔͒. The position of the neighbors was chosen so as: ͑i͒ to reduce the computational effort by using a symmetry constraint (C s ,C 2v ), ͑ii͒ to keep the same numerical grids and integration accuracy for all calculations and ͑iii͒ to have intermolecular distances in accordance to those in the crystal.
We first calculated the ground-state potential energy curve of a single Ru͑cp͒ 2 as a function of its bending angle ␣ defined as the angle between the two ligand rings. The calculation was repeated by adding the two neighboring molecules in the two arrangements, keeping their geometry frozen. The resulting interaction energy E int (␣) has been then expressed, as
͑7͒ where E ␣ tot (cluster) is the total energy of the cluster, E ␣ tot (single) is the total energy of a single bent Ru͑cp͒ 2 and E ␣ϭ0 tot (neighbors) is the energy of the neighbors, calculated for unbent molecules (␣ϭ0). The resulting interaction is displayed in Fig. 2 .
The next step was to derive an analytical expression for the intermolecular potential obtained from DF calculations. A fit of E clu int (␣) to a Buckingham potential 25 ͑BUP͒ led to the best agreement with a root-mean-square ͑RMS͒ error of 5 cm Ϫ1 with respect to DF values. The potential has been defined as ͑eV units͒,
where,
R i is the van der Waals radius of atom i, and r i j the distances between atoms of the central Ru͑cp͒ 2 and those of its first shell of neighbors j. Parameters ⑀ k were fitted to DF results. The values of these parameters are displayed in Table I . The fit function of Eq. ͑8͒ was finally used to calculate E shell int (␣) between a single Ru͑cp͒ 2 and its first shell of neighbors located at their positions in the crystal.
2 This led to the cluster made of 15 Ru͑cp͒ 2 molecules as shown in Fig. 3 . Because the local symmetry of Ru͑cp͒ 2 is lowered in the crystal by the surroundings, the interaction energy along the bending coordinate shown in Fig. 4 does not have the molecular D 5h symmetry. The crystal packing tends to distort the molecule along the Q ⑀ component of the e 1 Ј normal coordinate corresponding to a C 2v distortion. However, for the 1 A 1 Ј ground state, with its inherent vibronic stability in D 5h symmetry, the effect is small, in agreement with the experimental value for the ring tilt around 1°. 2 In contrast, for the D 5h degenerate excited states, which are susceptible to a Renner-Teller effect, those lattice forces are expected to be important. Our value is, in fact, very close to the experimental value of 1.816 Å at 101 K from x-ray crystallography.
III. RESULTS AND DISCUSSION
2 In order to check the consistency of local density approximation ͑LDA͒ calculations, tests were performed using the VWN 13 exchange-correlation functional augmented by nonlocal gradient correction as suggested by Becke 26 for exchange and Perdew 27 for correlation ͑BP͒. Results are displayed in Table  II ; nonlocal results are displayed in parentheses. We notice that BP leads to an increase of the metal-ligand bond length. It increases by roughly ϩ0.050 and ϩ0.085 Å for the ground and the first singly excited triplet state, respectively. However, contractions of the same order of magnitude are expected by including relativistic effects, [28] [29] [30] [31] [32] [33] [34] yielding to bond lengths close to those obtained by LDA. Figure 5 displays the adiabatic potential of the ground state in the gas phase along the totally symmetric a 1 Ј stretch metal-ring stretch. It is very close to harmonic up to quite large deviations from the equilibrium position. The vibrational frequency is 337 cm Ϫ1 and was calculated on the basis of a reduced mass equivalent to the full ligand mass of the cp ring. This is in excellent agreement with the experimental value of 333 cm Ϫ1 . 35 Figure 6 shows the adiabatic potential of the ground state in the gas phase along one component of the e 1 Ј␦(cp-Ru-cp) bending vibration. It, too, is harmonic up to comparatively large values of the bending angle ␣. Again, using the total mass of the cp ring as reduced mass, a vibrational frequency of 148 cm Ϫ1 can be estimated for this normal mode. This is somewhat smaller than the experimental value of 168 cm
Ϫ1
. 35 The effect of the crystal packing as modeled by the Buckingham potential of Eq. ͑8͒ on the adiabatic potential along the a 1 Ј stretch metal-ring stretch is negligible. The metal-ring distance is shortened by only 0.002 Å, and the corresponding vibrational frequency does not change ͑see Table II͒ . The effect on the substantially softer e 1 Ј coordinate is more pronounced but still quite small. As indicated by Fig.  4 , the packing forces tend to distort the molecule along the Q ⑀ component (C 2v ), resulting in a tilt angle of approximately 0.5°. This is in accordance with the experimental results of Seiler and Dunnitz.
2 As shown in Fig. 7 , in the solid state the frequency of the ␦(cp-Ru-cp) vibration is slightly higher than in the gas phase, and indeed, the estimated 157 cm Ϫ1 are closer to the experimental value. In addition, the degeneracy of the two components is lifted. 
B. The triplet excited states
The adiabatic potentials along the a 1 Ј mode for Ru͑cp͒ 2 in the gas phase are presented in Fig. 5 . As already noted by Crosby et al., 3 based on luminescence spectra and in line with the results of Daul et al., 6 the triplet states show a marked increase in metal-ring bond length. For the lowest excited 3 E 1 Љ state, d(Ru-cp) calculated only along the a 1 Ј mode is 1.959, corresponding to an increase of 0.147 Å. This increase is due to the promotion of an electron to the strongly antibonding 4e 1 Љ orbital. Although nominally a d orbital, the 4e 1 Љ orbital is substantially more delocalized toward the cp rings than the 3e 2 Ј and 5a 1 Ј orbitals, respectively. 6 The calculated vibrational frequency of the totally symmetric stretch in the excited state is 276 cm Ϫ1 . As for the ground state, the effect of the crystal packing on the a 1 Ј mode is small. In the solid state, the bond length, viewed along the a 1 Ј mode as in Fig. 5 , is reduced by only 0.005 Å. The vibrational frequency, too, is virtually not affected, and the above value compares well with the experimental value of 279 cm Ϫ1 . 5 However, the bond length change will have to be reconsidered in more detail, together with the bending mode and solid state effects.
A particular feature of Ru͑cp͒ 2 lies in the fact that the E states are susceptible to a Renner-Teller effect, describing the vibronic coupling involving orbitally degenerate states in linear, polyatomic molecules along the e 1 Ј bending coordinate. In contrast to Jahn-Teller coupling, the leading term in Renner-Teller coupling is quadratic. 8 Thus, the splitting of the terms starts off with zero slope, and the quadratic coupling has to be above some threshold value to actually result in a double minimum potential. In Fig. 6 , the adiabatic potentials of the triplet states of Ru͑cp͒ 2 in the gas phase along the Q ⑀ component (C 2v ) of the e 1 Ј mode are shown as a function of the bending angle ␣, with the metal-ring distance held fixed at the value of 1.959 Å corresponding to the equilibrium value for the excited state. As expected from group theoretical considerations, the three degenerate E states split into their six nondegenerate components according to Sec. II C. For the two 3 E 1 Љ states, the Renner-Teller coupling is large enough to result in a double minimum potential. In particular, the 3 B 2 of the lowest energy triplet ͑denoted by E 1 ) is stabilized by a Renner-Teller energy, defined as the energy difference between the linear and the bent structure, of approximately 1600 cm Ϫ1 at an angle ␣ min of 27°. The BP functional leads to similar calculated Renner-Teller distortions.
In principle, the double minimum potential of E 1 has a rotational symmetry, resulting in a Mexican hat type potential very much like the one for the E e Jahn-Teller case, with possibly a modulation of C 5 symmetry along the trough. However, for the comparatively soft bending vibration with large amplitude, solid state effects are expected to be non-negligible. In Fig. 7 , the potentials for the two components of the lower-energy 3 E 1 Љ state of Ru͑cp͒ 2 in the solid state along the two components of the bending vibration are compared to the gas phase results. The crystal packing reduces both the Renner-Teller energy and the equilibrium bending angle substantially. Figure 9 shows a contour plot of the potential energy surface along the two components of the e 1 Ј normal coordinate for Ru͑cp͒ 2 in the solid state. The Mexican hat potential is strongly distorted by the lattice forces. For the Q component the double minimum potential is still close to symmetric, with a Renner-Teller stabilization of around 1000 cm Ϫ1 and ␣ min ϭϮ22°. For the Q ⑀ component this is no longer the case. The Renner-Teller energies are now 1065 and 705 cm
Ϫ1
, and the corresponding values for ␣ min are ϩ22 and Ϫ21.5°. In the solid state, the pseudofree rotation around the z-axis is hindered. There is a comparatively deep, banana-shaped trough with three local minima at the above-mentioned angles ␣ of 22°, one along one direction of the Q ⑀ component, the other two symmetrically along the Q component of the e 1 Ј normal coordinate.
Along the trough, the minima are very shallow with barriers between them on the order of 50 cm Ϫ1 only. The barrier around the back of the trough is 370 cm
. Therefore, the localization in any one of the local minima is only expected to occur at very low temperatures only, with possibly large amplitude pseudorotational movements along the trough. The accuracy of the calculations is not sufficient to differentiate quantitatively between the minima. In the radial direction, the potential in the minima is close to harmonic, with an estimated frequency of around 150 cm
. The RennerTeller stabilization is large enough to allow us to describe Ru͑cp͒ 2 in the lowest excited state as moving on the lowest energy adiabatic potential. Figure 8͑b͒ finally shows a contour plot of the potential energy surface of the E 1 component of the lowest energy triplet state along the a 1 Ј and the Q ⑀ component of the e 1 Ј normal coordinates for Ru͑cp͒ 2 in the solid state. An interesting additional feature lies in the fact that the ruthenium to cp equilibrium distance for the bent nuclear configuration is reduced to 1.938 as compared to the one of 1.959 Å for the linear configuration. This is not a solid state effect as such, but the latter strongly influences the e 1 Ј mode; a quantitative discussion of this point only makes sense for the solid state.
The numerical values for the metal-ring equilibrium distance in this excited state, as well as the distortion along the bending coordinate and the corresponding Renner-Teller stabilization energy are included in Table II. The ␦(cp-Ru-cp) bending vibration is not the only twofold degenerate vibrational mode of Ru͑cp͒ 2 . There are, in fact, two ring-tilt modes with frequencies of 381 and 400 cm
, respectively, 35 with the potential for RennerTeller coupling. However, a check showed that the coupling is not strong enough to result in any spontaneous distortions of the excited states along these two modes.
C. Energies and spectroscopic features
In Table II 6 on the basis of a displacement of the potential wells along only the a 1 Ј mode. The additional lowering in energy is due to the inclusion of the e 1 Ј mode in our calculations. Another key quantity that may be compared to experiment is the energy of the electronic origin. In our calculations, the electronic origin is at 21 950 cm
Ϫ1
. This is very close to the value of 21 490 cm Ϫ1 as unambiguously determined from emission and excitation spectra by Riesen et al. 5 The inclusion of nonlocal corrections worsens the transition energies as compared to LDA values. The discrepancy between local and nonlocal numbers is roughly 2500 cm Ϫ1 , except for the Stokes shift (800 cm
). Excited-state distortions can, in principle, be directly observed in absorption and emission spectra. The extremely FIG. 7 . As in Fig. 6 , but the crystal packing is taken into account. The degeneracy of the two components, namely Q ⑀ and Q , is lifted.
large Stokes shift is already a rough indication of the magnitude of the overall distortion. In order to break down the individual contributions of the various normal modes, a detailed analysis of the side band structure is necessary. Riesen et al. 5 performed such an analysis based on their assignment of the members of the main progression at 333 cm Ϫ1 in the structured emission spectrum of Ru͑cp͒ 2 . Assuming the totally symmetric stretch to be the only normal coordinate with an appreciable displacement between ground-and excitedstate potential, they estimated a Huang-Rhys factor S of around 15, corresponding to a difference in d(Ru-cp) of 0.145 Å. They attributed the apparent doubling in the main progression to a vibronic origin for which the ␦(cp-Ru-cp) vibration provides intensity via Herzberg-Teller coupling, but no actual displacement along this coordinate was considered. One question addressed by these authors, and to which they found no satisfactory answer, is the fact that this doubling is not found in absorption. In their paper, Hollingsworth et al. 4 pointed out that there is evidence in the well-resolved structure of the emission spectrum for appreciable displacements of the potentials of the ground and excited states along another vibrational mode than the totally symmetric one. In order to fit the experimental spectrum quantitatively, they invoked additional displacements along the two ring-tilt modes at 381 and 400 cm Ϫ1 , respectively, and along the asymmetric Ru-cp stretch at 445 cm
. Moreover, they attributed the doubling in the main progression to a vibronic origin of the ␦(cp-Ru-cp) vibration acting as enabling mode. Their rationale for this was that in the actual symmetry of the molecule in the crystal, all modes would have totally symmetric components, and thus group theoretical restrictions on the displacements along other modes than the symmetric stretch would be relaxed. By not jamming all the deformation into the symmetric stretch, they obtained a somewhat smaller Huang-Rhys factor S of around 12 for the main progression, corresponding to a difference in d(Ru-cp) between the ground and excited states of 0.125 Å, and substantial values for S of the other three modes.
We feel that there has to be a more physical reason driving the excited state toward a comparatively large deformation along any other than the symmetric Ru-cp stretch. Indeed, our calculations provide such a reason in the form of a Renner-Teller instability. However, it is beyond the scope of this work to actually calculate the emission spectrum based on the above potential surfaces. Whereas the intensity distribution for the a 1 Ј mode is straightforward to calculate, the one for the e 1 Ј mode presents a difficult task. If very strong coupling with a harmonic radial potential at the bottom of the E e trough and rotational symmetry is assumed, one would basically expect a progression in the bending mode at 168 cm Ϫ1 sitting on top of the progression at 333 cm
. These assumptions are clearly not valid. Nevertheless, qualitatively the spectroscopic consequences of a Renner-Teller instability would be an apparent doubling of the main progression, or rather an interference between the main progression at 333 cm Ϫ1 and the frequency of the bending vibration at 168 cm
, which happens to be very close to half the value of the symmetric stretch. Furthermore, it would explain the experimentally observed absence of mirror symmetry 5 in the vibrational structure between absorption and emission.
IV. CONCLUSIONS
In this paper, DFT is used to calculate both ground-and excited-state energies and to elucidate the ground-state geometry and distortions along the symmetric Ru-cp stretch and the ␦(cp-Ru-cp) bending vibration in the first excited triplet state. The results are in good quantitative agreement with experiment as far as the geometry of the ground state, vibrational frequencies of the two modes considered, as well as transition energies for absorption and emission are concerned. The results show that LDA affords a reliable description of the system, and that the inclusion of nonlocal gradient corrections does not change drastically the physical picture. The calculations predict a vibronic instability in the form of strong Renner-Teller coupling along the ␦͑cp-Ru-cp͒ bending coordinate for the first excited and orbitally degenerate triplet state, leading to a strongly bent molecule. Modeling the influence of the crystal lattice in the form of a Buckingham potential derived from a DFT calculation showed that for this mode this influence reduces the deformation substantially. Thus, although there is no doubt as to the presence of the vibronic instability, the quantitative uncertainty due to the lattice influence is rather large.
With future advances in modeling the second coordination sphere, be it in the solid state, amorphous matrices or solutions, the type of DFT calculations reported here will develop into a powerful tool to reproduce and finally predict structural, spectroscopic and photophysical properties of transition metal complexes.
